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ABSTRACT 


Several years of satellite pictures were surveyed to 
determine distinguishing cloud patterns of western North 
Pacific tropical cyclones. A climatology was developed to 
reveal regional and seasonal preferences common to each of 
these cloud pattern classifications. Average 
intensification rates associated with four of the five 
patterns revealed nearly identical twelve hour changes. The 
cyclone class exhibiting eastward extending cloud patterns 
however, showed a near-doubling of the rate, as compared to 
the other categories. Large scale weather patterns were 
also examined in relation to tropical cyclone intensity 
changes and cloud features. Several case studies are 
provided to enhance understanding of some of the more 
significant cloud pattern discoveries. 
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CHAPTER ONE 


INTRODUCTION 


The western North Pacific basin is the most prolific 
breeding ground of tropical cyclones on earth. Accurate 
tropical cyclone intensity estimates and forecasts are 
required in order to provide sufficient warning to those 
lives potentially threatened. With the recent termination 
of typhoon aircraft reconnaissance in this area, forecasters 
have become more dependant upon satellite analysis to 
determine initial cyclone intensities and precursors to 
future trends. 

This paper will provide a climatology of tropical 
cyclones exhibiting certain unique cloud patterns. 

Geographic regions of preference and relative seasonal 
frequencies will be shown, along with a description of their 
relation to large scale, upper level weather systems. A 
possible link between cloud patterns and cyclone intensity 
changes will be examined by detailing the average increase 
of maximum sustained wind (msw) associated with each 
distinct cloud pattern group. 

It is known that the establishment and maintenance of 
distinct, multi-channel, upper level outflows provide a 
means of displacing heat and mass outward, away from the 
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central regions of tropical cyclones. This process, in turn 
will enhance lower level upward motion and central 
convection allowing the system to substantially deepen. 
Although this scenario frequently leads to intensification, 
in the current study, occasionally, typhoon strength was 
obtained by systems exhibiting uniform (no distinguishable 
"channel(s) •') cloud patterns. One system even obtained 
super-typhoon strength while exhibiting a uniform cloud 
pattern. On the other hand, systems with double cloud 
patterns (indicative of two outflow regions) were seen to 
weaken at times while other synoptic conditions were 
generally favorable for further development. Typhoon Ken 
(1982) provided an example of both these "rule exceptions", 
along with displaying numerous cloud pattern changes during 
its life cycle, and will be discussed further in chapter 
five. 

Even though increased/decreased outflow does not always 
correlate with cyclone intensity, it is still one of the 
best predictors available. Proper diagnosis of the 
upper-level environmental wind field surrounding tropical 
cyclones and utilization of prognostic charts to develop 
upper atmospheric streamline analyses is necessary to 
supplement available satellite imagery to determine future 
intensification potential. The available upper-level data 
for this study limited streamline analyses to the 250 
millibar (mb) level, while operationally the 200 mb level is 
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more commonly used. Comparison of subjective streamline 
analyses with estimated directional outflow aloft (derived 
from cirrus streamer orientation on satellite imagery) 
proved to be in close agreement, with one exception. Cases 
of low latitude (generally south of 15 degrees North) 
cyclones with single equatorial (see chapter 3.1) cloud 
patterns imply regions of upper-level Northeasterly winds 
(south of the center) , as determined from the northeast to 
southwest orientated cirrus streamers, while streamline 
analyses frequently reveal Easterly wind flow throughout the 
same region. This discrepancy is likely explained by the 
increase of the tropopause level (and associated upward 
displacement of the level of maximum outflow) as the equator 
is approached. Frank (1977), Holland (1984), and Merrill 
(1988a) agree that outflow poleward, where most of the 
rawinsonde and almost all aircraft reports are found, is at 
a lower mean altitude than outflow equatorward, at least for 
Pacific tropical cyclones. 

Sadler (1967) has long recognized the importance of the 
Tropical Upper Tropospheric Trough (TUTT) in tropical 
cyclone development. The TUTT provides a channel to the 
westerlies (figure Ic) allowing for the establishment of an 
efficient outflow of heat, which is released by increased 
convection in the developing system (Sadler, 1976). This 
study reconfirms the TUTT's contribution to rapid tropical 
cyclone intensification trends. Chapter six details the 
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importance of the TUTT and attempts of provide forecasters 
with several rapid intensification precursors to be aware of 
by highlighting the development of supertyphoon Abby (1983). 
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CHAPTER TWO 


BACKGROUND INFORMATION 

2.1 Operational Applications of Satellite Cloud Pattern 
Analysis 

Dvorak (1975) developed a technique for the analysis and 
forecasting of tropical cyclone intensities through the 
combination of satellite imagery interpretation with a model 
of tropical cyclone development. Dvorak's scheme assigns 
increasing Tropical (T) numbers (proportional to msw for 
developing systems; figure 2) to systems as the associated 
cloud pattern becomes better organized, along with a 
model-based T-number for twenty-four hours in the future. 
This method is used operationally by the Joint Typhoon 
Warning Center (JTWC) on Guam (Annual Tropical Cyclone 
Report, ATCR 1989), and many other tropical cyclone forecast 
centers worldwide. 

Chen and Gray (1985) identified several upper-level 
environmental patterns believed to be most conducive to 
cyclone intensity changes. The information in their paper 
was expected to provide a better understanding of the 
importance of assessing tropical cyclone 200 mb outflow 
patterns and to supplement the Dvorak scheme. 


5 


The current paper parallels the prior Chen and Gray 
research by further relating upper-level wind flow and 
satellite analysis to tropical cyclone intensification. 
Emphasis is placed upon improved understanding (and 
forecasting) of rapid intensification provided by 
upper-level outflow associated with the TUTT. 


2.2 Data 

The primary source of data used in this study was 
Geostationary Meteorological Satellite (GMS) mosaics of the 
western Pacific. These were available every three hours of 
alternating visible and infrared modes. Annual Tropical 
Cyclone Reports published by the JTWC were used as 
verification for both best track positioning of the center, 
and six hourly intensity estimates of the msw. National 
Meteorological Center (NMC) 250 mb charts were used to 
determine upper-level wind fields through development of 
numerous streamline analyses. 

2.3 Regional and Temporal Constraints 

A large region of the West Pacific, from the Equator to 
40 degrees North latitude and from 110 to 150 degrees East 
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longitude was used for this study. All named tropical 
cyclones (msw > 33 knots (kts) which traversed this region 
during the years 1979 through 1985, inclusive, were 
evaluated. Several periods of missing satellite images were 
encountered, and tropical cyclones during these times were 
not considered in the study. Since the missing data were 
scattered in a random fashion throughout the period, and a 
significant number of cyclones were available for study, the 
results are believed to provide a representative 
climatologically of the Northwest Pacific Basin. 
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CHAPTER THREE 


CLIMATOLOGY OF TROPICAL CYCLONE CLOUD PATTERNS 

3.1 Cloud Pattern Types 

Each cyclone was evaluated four times daily from 
satellite pictures and grouped according to its cloud 
pattern. Chen and Gray (1985) fit all cyclones, worldwide, 
during the 1979-1980 First GARP Global Experiment (FGGE) 
into one of four possible outflow channel groups. These 
were Single Polar (SP), Single Equatorial (SE), No channel 
(N), or Double channel (D; SE and SP occurring together), 
and indicated the direction of cirrus cloud orientation from 
the center (figure 3). The present study follows the 
nomenclature established by Chen and Gray with a few 
modifications. 

Most notably, a fifth group was added to those of the 
earlier work. This group, abbreviated as E*, consisted of 
cloud patterns emanating eastward from tropical cyclone 
centers, usually associated with TUTTs and/or distinct 
cut-off cells within the TUTT. The E* classification was 
also used for systems exhibiting cloud extensions in other 
directions in addition to eastward. Most commonly, systems 
classified as Eastward also were observed to have long 
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cirrus plvunes extending southwest (SE cloud pattern) as 
well. For this reason, Chen and Gray added these systems 
into their Single Equatorial group. During satellite 
interpretation in this project, this separate category was 
added due to the unique cloud patterns which developed 
during tropical cyclone/TUTT interactions. 

Also, the Non channel (N) outflow group identified by 
Chen and Gray will be identified as the Uniform (U) cloud 
pattern. This is due, in general, to the strong, symmetric 
upper level divergence associated with the cyclonic centers 
which is evident from 250 mb charts, and the Central Dense 
Overcast (CDO) patterns revealed from satellite imagery. 
Rather than using the somewhat misleading term "Non 
channel", it was decided that "Uniform cloud pattern" was 
more appropriate, indicating the circular cloud field and 
the very pronounced divergence of air outward from the 
center in all directions. 

The first part of this paper will concentrate upon the 
cloud patterns as revealed through interpretation of 
satellite images, while the last part will be dedicated 
toward upper level flow characteristics, and their 
relationship to both cloud patterns and intensity changes. 
Figure 4 provides an example of the five recurring cloud 
patterns used throughout this analysis. 
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3.2 Cloud Pattern Frequencies 


Tropical cyclone satellite observations reveal that 
while systems frequently change cloud pattern categories 
during their lifetimes, a single category usually prevails 
throughout deepening periods. Therefore, each cyclone was 
evaluated during its most rapid twenty-four hour period of 
intensification (indicated by the increase of msw's) to 
determine its inherent cloud pattern. The Single Equatorial 
cloud pattern was the most common, followed by Uniform and 
Single Polar patterns, accounting for a combined total of 
nearly eighty percent of the cases (figure 5). Relatively 
infrequent Eastward and Double patterns followed, making up 
the remaining cyclone cases. 

In order to determine if a relationship existed between 
particular cloud patterns and concurrent cyclone 
strengthening, systems which exhibited accelerated 
intensification periods were examined. Figures 6A and 6B 
provide the frequency of cloud patterns according to rate of 
intensification. For rapid developers, defined as a 
decrease of central pressure of at least 15 mb per 12 hours, 
the Uniform pattern occurred most often (29% of the time), 
followed by Eastward (21%), Single Equatorial (19%), Single 
Polar (19%) and Double (12%) systems. This preliminary 
result provides evidence of the strong coupling between 
spatially symmetric (about the center), upper-level 
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divergence (evident by the high frequency of Uniform or CDO 
patterns) and rapid system deepening. Examination of 
patterns during explosive intensification phases, a decrease 
of central pressure by 30 mb or more per 12 hours, reveals 
the predominance of Eastward cloud patterns half of the 
time, along with Single Polar and Single Equatorial 
representing 25% each. No cases of Double or Uniform cloud 
patterns coincided with explosive strengthening. Although 
strong, symmetric upper-divergence (associated with Uniform 
cloud patterns) alone can enable systems to develop rapidly, 
the eastward extension of cloud patterns (also SE and SP 
patterns to a lesser degree) are seen to have an 
increasingly important relationship with cyclones as the 
development rate is increased to the explosive stage. 

Systems attaining only tropical storm intensity (33 kts. 
< msw < 64 kts.) are associated with Single Equatorial, 
Uniform, Single Polar or Double cloud patterns (41, 36, 21, 
and 2% of the time, respectively; figure 7). All cloud 
patterns are represented by systems of typhoon strength ( 64 
kts. < msw < 130 kts.) with Single Equatorial (31%) and 
Polar (28%) being relatively frequent. Uniform cases 
occurred 14% of the time and Double 10%. The Eastward 
pattern which never occurred in conjunction with the weaker, 
tropical storm category, accounted for 17% of the typhoon- 
category cases. The supertyphoon category (msw > 130 kts) 
revealed the strong relationship with eastward cloud 
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orientations, accounting for nearly two-thirds of the 
systems. This was followed by Single Equatorial, Uniform, 
and Single Polar patterns (17%, 17%, and 8% respectively). 
Double cloud patterns Were never observed during 
intensification phases of systems which ultimately achieved 
super-typhoon strength. 


3.3 Seasonality 

Since the large scale environment is known to have a 
significant impact upon tropical cyclone development, and 
these patterns change with the time of year, it was decided 
to determine the degree of annual cloud pattern change as 
well. To expand upon the cloud pattern climatology, the 
year was subdivided into four "seasons" based on the amount 
of average, long term tropical cyclone activity within the 
Northwest Pacific basin. Figure 8 provides the trend of 
tropical cyclone frequency from which the four seasons were 
derived. January through April, defined as the "pre" 
season, is relatively quiet with less than one storm per 
month expected. During the "early" season. May and June, 
and "late" season, November and December, between one and 
three systems normally form. The active period or "middle" 
season occurs from July through October when more than three 
cyclones usually develop each month. 
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Only two pre-season cyclones occurred within the data 
base (figure 9). The monsoon trough during this time of 
year is normally absent from the North Pacific Ocean, 
although convection does flare-up on occasion associated 
with short-lived convergence zone activity. Cyclone 
activity during this time of year results from one of two 
very different mechanisms. The most common development 
begins at very low latitudes (frequently south of 10 North) 
associated with temporary establishment of the monsoon 
trough (Elsberry, et al., 1987). Most pre-season monsoonal 
trough developments follow periods of equatorial westerly 
wind episodes and frequently lead to formation of tropical 
cyclone "twins" (Lander, 1990). As the convective area 
increases and becomes better organized the system usually 
retains a Uniform cloud pattern due to the predominance of 
East/Southeasterly flow aloft. The second, less frequent 
type of pre-season development forms from tropospheric, 
cold-core, cut-off low pressure cells. Eventual penetration 
of a circulation to low levels and conversion to a warm core 
system (see Ramage, 1971 for further background) can result 
in the formation of rare "pre"-season typhoons. Since 
cut-off lows usually occur north of approximately 20 
degrees, the surrounding environment usually limits the 
cloud pattern to SP as the presence of a nearby mid-latitude 
trough to the West is common during this time of the year. 
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One •'pre”-season case of each pattern (U and SP) was 
observed in this study. 

Although development of tropical cyclones during the 
'•pre''-season is a relatively uncommon event, this does not 
assure that the system will remain weak. Guard (1974) has 
shown that "pre”-season tropical cyclones, although rare, 
are as likely as "mid"-season storms to intensify enough to 
achieve typhoon or even supertyphoon status. The time 
required for such development however, exceeds that of mid¬ 
season systems. The two "pre^'-season cyclones from this 
study, Gerald (1981) and Fabian (1985), however did remain 
weak, obtaining maximum winds of only 60 and 50 knots, 
respectively. 

During the "early” season, the monsoon trough 
climatologically becomes active near 5 degrees of latitude. 
During the following few months the trough shifts northward 
reaching approximately 10 North during August (figure lOA) 
before beginning its equatorial retreat. The West Pacific, 
north of the trough is dominated by Easterly Trades produced 
by a semi-permanent high pressure system (Sadler, et al., 
1987). Slightly north of the monsoon trough, at upper 
levels, lies the Sub-Equatorial Ridge (SER) axis (figure 
lOB). The circulation associated with this system produces 
Northeast to East winds over a large portion of the tropical 
West Pacific, generally south of 15 North and west of 150 
East (Sadler, 1976). Tropical cyclones frequently develop 
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within the trough and display Single Equatorial cloud 
patterns produced by the upper level East/Northeast flow 
present south of the cyclonic center. During the later part 
of June a few systems were observed to move north of the 
SER, thereby losing their SE patterns, while gradually 
becoming influenced by mid-latitude troughs. With a 
mid-latitude trough progressing eastward off Asia, upper 
level Southwesterly winds ahead of the system approach the 
tropical cyclone circulation (Atkinson, 1971) and afford it 
a ribbon of high speed winds; i.e., an outflow jet. This 
scenario leads to the initial formation of cirrus streamers 
orientated northeastward from the cyclone center. 

Gradually, as the trough nears the system a long dense 
streamer of high clouds develop and the transition to an SP 
cloud pattern is complete. Also, during the later portion 
of the "early*' tropical cyclone season, the TUTT begins to 
take shape and extend into the West Pacific (Sadler, 1975). 
On occasion, cyclones move northward out of, or in 
conjunction with the monsoon trough and gain an upper-level 
outflow to cut-off cyclonic cells within the TUTT or 
penetrate far eastward in the absence of distinct cells. 

This produces the Eastward cloud pattern and a period of 
accelerated cyclone intensification. Over the seven year 
period of study, single examples of either Uniform (Tropical 
Storm Forrest, May 1980) or Double (Typhoon Pat, May 1982) 
cloud patterns formed during the '*early" season. 
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During the active "middle” season, each type of cloud 
pattern occurred. Most common were the Uniform and Single 
Equatorial types as the monsoon trough (Sadler, et al., 

1987) and upper level SER (Sadler, 1975) become better 
established and move further northward. Nearly four-fifths 
of the observed Uniform cases occurred during the "middle" 
season (figure 9). Both the Single Polar and Double 
patterns become more frequent as the tropical cyclones form 
further poleward and are more likely to interact with 
mid-latitude troughs moving east of Korea and Japan. Nearly 
eighty percent of all Double patterns occurred during the 
later half of this season (figure 9) as the SER becomes 
elongated into a narrow east-west system (Sadler, 1975). 

The closeness of Easterlies to Westerlies across the ridge 
axis provides a favorable upper-level environment for the 
development of D cloud patterns. The TUTT is most prominent 
during mid-summer (figure IOC), with several cut-off cells 
possible on any given day. As these cut-offs drift westward 
while a tropical cyclone develops several hundred miles to 
the southwest, the orientation often allows for the 
formation of an upper-level channel to evacuate mass away 
from the system and explosive strengthening to take place. 

The "late" season was mainly dominated by Single Polar 
cloud patterns (figure 9). During this time of year, 
mid-latitude troughs normally become deeper, penetrate 
further southward, and move into the Western Pacific more 
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frequently. This pattern provides the cyclone a source of 
outflow poleward into the Westerly wind belt as the trough 
and tropical system near one another. A few Single 
Equatorial and Uniform cases occurred during this season but 
were less frequent than the "middle" season as the monsoon 
trough weakens and the majority of systems propagate 
northwestward from the trough. Only one cyclone associated 
with a Double cloud pattern (Typhoon Abby, December 1979) 
was observed. During this period the upper level flow 
between two, low latitude, semi-permanent anticyclones 
located nearly symmetric to the equator (centered near 15N, 
14OE and 8S, 17OE) causes a region of weak East to Southeast 
winds south of the northern SER (Sadler, 1975) . This 
pattern provides a less favorable environment for SE cloud 
pattern cyclones than that present within the Northeasterly 
flow of the previous two seasons. The TUTTs protrusion into 
the West Pacific normally terminates during early October as 
the entire system begins to weaken. With the dimininishing 
TUTT influence, it was not surprising that only a single 
Eastward cloud pattern (Typhoon Agnes) was observed during 
the season. This system resulted from the presence of an 
abnormally late season TUTT which persisted into early 
November 1984. 
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3.4 Regionality 


Since large scale weather patterns have a significant 
impact upon the time of year certain types of cloud patterns 
can develop, the environment must also control where the 
particular systems can occur. To determine these locations, 
the region of study was subdivided into sixty-four grids, 
each five degrees latitude by five degrees longitude in size 
(figure 11). Each time a tropical cyclone moved through a 
box, its type of cloud pattern and intensity trend 
(strengthening, weakening, or steady state) were noted. 
Results for each cloud pattern category and intensity trend 
(steady state conditions not shown) were plotted and 
contoured in intervals of ten percent according to frequency 
of occurrence within the specified region. For example, 
consider a particular grid having a total of twenty 
transitting cyclones, ten of which decreased in intensity 
while displaying SE patterns, while the remaining ten 
systems increased during SP patterns. The center of the 5 x 
5 grid would be represented by a 50 percent contour on both 
the decreasing SE and increasing SP diagrams, while a value 
of zero percent would be plotted on the remaining diagrams 
along with appropriate contouring. Several boxes located 
over mainland China and along the northern and southern 
boundaries of the analysis region contained minimal tropical 
cyclone activity (five or less systems) leading to 
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unrealistic representation of the overall field once the 
contouring was completed due to the small sample size. 

These regions were therefore subjectively smoothed by giving 
extra weight to the surrounding values. Superimposed upon 
each diagram is a bar graph detailing the seasonal 
frequencies (percent of particular pattern by season) of the 
associated cloud pattern. The value in parenthesis is the 
number of cloud pattern systems used for the analysis, and 
the value below it represents the percentage of total 
cyclones displaying the particular pattern. 

Two separate regions of cyclones increasing in strength 
while displaying SE cloud patterns are evident, one along an 
east-southeast to west-northwest axis centered near 20 
degrees North, and the other in a circular area centered in 
the central South China Sea (figure 12A). The Western 
Pacific systems coincide well with the average "middle" 
season location (note that 94% of SE cases occurred between 
May and October) of the low-level monsoon trough and 
upper-level SER. Allowing for development of cyclones 
within the trough, the upper level Northeasterly flow from 
the Asian anticyclone acts to enhance cirrus and upper-level 
outflow toward the southwest (SE cloud pattern). The second 
area, within the South China Sea, is likely due to systems 
reintensifying after weakening during landfall in the 
Philippine Islands. Presence of the monsoon trough and SER 
within this region also supports SE pattern systems. 
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Weakening systems also were concentrated in two distinct 
regions (figure 12B). The first area, located east of Japan 
along 30 degrees North, was linked with the weakening (due 
to increased shear and colder Sea Surface Temperatures 
(SST's)) of early to mid-season cyclones, with the SE 
pattern provided by upper-level Northeasterlies to the south 
of the Sub-Tropical Ridge (STR) axis. The second region was 
due to frequent landfall near the Taiwan, Hong Kong and 
Mainland China coastlines. Although cyclones frequently 
make landfall along the coast of Japan and the northern 
Philippines as well, high contour values are not seen here. 
The lack of weakening within the northern portion of this 
area is likely due to the influence of mid-latitude troughs 
moving eastward, off-shore of Japan. The upper-level 
southwesterly flow associated with the troughs cause the SE 
patterns to undergo transition to either D or SP before 
weakening commences. Both of these patterns do reveal a 
high degree of weakening in the Japan and Korea region. The 
Philippine Island case is related to the small amount of 
time over land before re-emerging over open ocean. Systems 
usually cross the northern Philippine mountains within 13 
hours before beginning to re-intensify in the South China 
Sea (Brand and Blelloch, 1973). Since the grids were 555 
kilometers (km) per side (5 degrees of latitude), the rapid, 
but shortlived weakening periods did not appear significant 
due to the process of averaging strength changes per box. 
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Intensifying cyclones displaying SP cloud patterns 
(figure 13A) occurred in an east to west swath just to the 
south of 20 North, with a narrow region extending north 
toward Japan. This region is slightly north of the 
climatological "early” to "mid"-season SER position, 
diminishing the likelihood of establishing a cloud pattern 
south of the center into the Northeasterly flow. Transient 
mid-latitude troughs located west of cyclone centers provide 
a means for the development of poleward cloud patterns 
within the upper-level Southwesterly wind field, along with 
modifying the mid-level steering flow into a typical 
recurving type pattern. Riehl (1972) reported that a plume 
of upper cloud streaming northeastward from a typhoon would 
indicate that a more northward or recurving track was being 
followed; whereas sudden disappearance of the plume would 
indicate backing of the direction of movement toward the 
west. As expected, the majority of systems displaying SP 
cloud patterns were undergoing recurvature as well. 

Weakening tropical cyclones with SP patterns, shown in 
figure 13B, occurred occasionally over the northern 
Philippine region and frequently from Taiwan to Japan. 
Philippine landfall accounted for weakening within this 
region, while the area further north was mainly due to the 
merging of strong mid-latitude cloud systems with the 
tropical cyclone circulations. Strong vertical wind shear 
produced by the approaching troughs frequently lead to 
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displacement of the upper and lower circulation centers and 
commencement of the weakening phase. 

Although Uniform cloud patterns were seen to occur 
throughout the tropical Pacific basin, a highly preferred 
region for intensifying cyclones (figure 14A) was within the 
monsoon trough, along 8 degrees North, east of the 
Philippines. Nearly eighty percent of uniform cases 
occurred during the peak tropical cyclone season of July 
through October within regions of weak environmental flow in 
which strong upper-level divergence prevailed above 
substantial low-level convergence. Occasionally, these 
situations lasted only for a short period of time before a 
synoptic scale upper-level anticyclone developed or moved 
into a favorable position to afford the cyclone a wind flow 
equatorward (i.e., transformation to an SE cloud pattern). 

A few systems maintained Uniform cloud patterns while moving 
out of the monsoon trough and eventually undergoing 
significant intensification, while still others were seen to 
develop at higher latitudes while displaying the U pattern. 

A case study of a rapid intensifying. Uniform cloud pattern 
cyclone will be the subject of chapter five. 

Three main regions of weakening cyclones with Uniform 
cloud signatures were evident (figure 14B). One was located 
within the eastern end of the monsoon trough, due to several 
systems which obtained tropical storm status followed by 
temporary weakening trends. The second region, located 
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along the coast of mainland China, near Hong Kong, was due 
to landfalling cyclones and the area northeast of northern 
Japan was likely the result of reduced heat extraction from 
the cold SST's (climatologically 18-20 degrees C). 

Double cloud pattern systems were relatively rare as 
shown in figure 15A, accounting for only eight percent of 
all cases studied. The majority of these occurred during 
''mid''-season. Increasing systems were generally located 
near 20 North and 145 East, displaced far east of the Asian 
continent as in SP cases. With the SER climatologically 
located just north of this position, upper-level flow 
equatorward was obtainable and with mid-latitude trough 
positioning northwest of the cyclone, both the SE and SP (D) 
patterns could develop. 

Although a relatively rare occurrence. Double cloud 
patterns do account for a large percentage of the cyclones 
which weaken in the far North Pacific (figure 15B). The 
area where frontal and jet streak cloud bands associated 
with eastward moving mid-latitude troughs meet with 
recurving tropical cyclone outer cloud bands is clearly 
evident near Japan. This region is the graveyard for most 
recurving (SP and D systems) cyclones. Notice both the 
increasing and decreasing D patterns occur slightly south of 
the corresponding SP patterns, allowing for the development 
of equatorial outflow south of the STR axis. 
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Although the Eastward pattern is also relatively rare 
(14% of cases), a highly preferred area of intensification 
was centered near 15 North and 135 East (figure 16A) . This 
region is located near the climatological western end of the 
TUTT. Proper positioning of an intense cut-off cell within 
the TUTT and a cyclone to the southwest, enables the 
establishment of a strong outflow jet into the Westerly flow 
to the south of the TUTT axis. This interaction was seen to 
have a major influence upon rapid tropical cyclone 
intensification and an upper-tropospheric case study, 
detailed in chapter six, concentrates further on this 
scenario. Although the TUTT is present during the entire 
summer above the West Pacific, and several concurrent cells 
within the TUTT are common, cyclone/TUTT cell linkage occurs 
infrequently. Since proper positioning between the two 
systems is critical for development and maintenance of the 
outflow jet aloft, and both are embedded within different 
steering current levels, the necessary juxtaposition is 
rarely obtained. From both composite data and individual 
case studies, it appears that a strong upper circulation 
cell located far north to northeast of the typhoon is the 
most favorable scenario leading to rapid or explosive 
strengthening. This agrees with Frank (1982) and Merrill 
(1988b) who found the most common outflow orientation to be 
north or northeast for Atlantic basin hurricanes, where 
TUTT/cyclone interactions are a more common occurrence. 
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The link first becomes apparent as thin, narrow wisps of 
cirrus begin to emanate outward from the tropical cyclone 
toward the TUTT cell. As the link becomes better 
established, the connecting cloud band becomes more dense 
and rapid intensification occurs. 

When the cyclone/TUTT orientation becomes unfavorable, 
the eastward extending cirrus cloud band usually dissipates 
before the onset of cyclone weakening begins. Most cyclones 
were able to maintain their peak intensity for about 12 
hours after the connection became severed. Subsequent 
weakening frequently occurred after transition to another 
type of cloud pattern (usually SP) was complete and movement 
into higher latitude or approach of landfall. For this 
reason, a connection between Eastward patterns and cyclones 
decreasing in intensity was rather weak. Figure 16B reveals 
a small region near 28 North and 150 East where a few 
weakening cases did however occur. 
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CHAPTER FOUR 


AVERAGE CYCLONE INTENSIFICATION RATES 


For each tropical cyclone, an average twelve hour 
increase of maximum sustained winds was computed. The 
average was taken from each consecutive half-day period in 
which the system was undergoing intensification, i.e. from 
the time tropical storm status was first attained through 
the time of peak intensity. The msw values used were 
obtained from post-storm, subjective analyses performed by 
JTWC personnel, of all available intensity data (synoptic 
observations, Dvorak-satellite estimates, and Air Force 
reconnaissance) and published in ATCR's. 

All systems were grouped according to their particular 
cloud pattern, and an average twelve hour wind increase was 
determined for each of the five patterns. Results (figure 
17A) provide further evidence of the relationship between 
eastward extending cloud patterns and accelerated cyclone 
intensification. Tropical cyclones increased an average of 
12.9 knots per 12 hour period when associated with Eastward 
cloud patterns, while the other four categories were found 
to strengthen less, ranging from 8.7 (SE) TO 9.7 (D) knots 
per 12 hours. The twenty-four hour changes (figure 17B) 
reveal an identical relationship between the type of cloud 
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pattern and amount of average wind increase, with the values 
being generally twice the half day rate. 

Figure 18A shows the average increase of maximxim 
sustained wind for each cloud pattern during the single 
twelve hour period of most rapid development. Again, the 
Eastward pattern shows the largest average increase; 26 
knots over a 12 hour interval. All other categories 
increase at nearly identical, much smaller rates of about 17 
knots per 12 hours. Twenty-four hour patterns (figure 18B) 
follow the same relative trend, with the individual values 
about fifty percent larger. 

To determine if the results were statistically 
significant, a "two-sample t-test" (Freund, 1988) was 
performed on each set of cloud pattern pairs. The purpose 
of this test is to accept (assume the difference between the 
two mean intensity rates are not significant) or reject 
(difference between the two mean intensity rates are 
significant) the "null hypothesis" (where ^ is the 

mean intensity value and "A" and "B" are different cloud 
pattern types). Given a 95% confidence level, results 
indicate a significant difference between average 12 hour 
intensification rates of SP and E*, SE and E*, and U and E* 
cloud patterns (table 1). The remaining cloud pattern pairs 
were not associated with a substantial difference amongst 
the means. This indicates that no particular pattern was 
more likely than another to be related to a significant 
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intensification trend. On the average (based on composite 
data ), systems displaying SE, SP, U# and D cloud patterns 
are all likely to intensify at nearly the same rate (given 
95% confidence). 

' Test results from 12 hour maximum increases (table 2), 
and 24 hour changes (table 3 and 4 ), show an identical 
relationship; the association of E* cloud patterns with a 
larger intensification rate than all patterns. 

This result contradicts (in terms of the SP, D, and U 
cloud patterns) the earlier described "outflow theory", 
(Sadler, 1976, Chen and Gray, 1985) where the presence of 
distinct, vigorous outflow channels were expected to have a 
large impact on the amount and rate of intensification. 
However, a possible explanation can be arrived at by 
discussing the environmental flow surrounding the cyclone. 
Tropical cyclones which intensify while displaying a Uniform 
cloud pattern tend to occur at low latitudes, centered near 
10 degrees North (figure 14A). Upper level streamline 
analyses of most Uniform cloud patterns reveal the cyclone 
to be beneath the SER and also within the low-level monsoon 
trough; a region of low level cyclonic curvature and weak 
vertical wind shear. These systems are rarely associated 
with outflow jets; narrow cores of high speed air flowing 
outward from cyclonic centers aloft. Substantial evacuation 
of air from the center is accomplished by the outdraft 
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cyclone which has both wind speed and directional symmetry, 
resulting in a region of large divergence (see chapter 
five). 

Double cloud patterns however, are most common at higher 
latitudes, usually during the summer months (figures 15A and 
15B). Proper positioning of an upper level trough to the 
west of a tropical cyclone along with an anticyclone to the 
southwest or just south of the equator can provide for the 
development of a double channel outflow. However, due to 
the relatively high latitude, lowering Sea Surface 
Temperatures and increasing vertical wind shear may act to 
counterbalance the outflow regions and prevent the system 
from prolonged, rapid deepening. Merrill (1988a) recognized 
a similar discrepancy between the expected stimulation of 
intensity during westerly trough interaction and his results 
during an Atlantic hurricane study. The explanation 
provided is that due to increasing westerly shear and 
filling of hurricanes, cases involving such troughs possibly 
are split between intensifying and non-intensifying 
hurricane composites and the subtle difference in relative 
positioning of trough and hurricane are lost. 

Tropical cyclones with Single Equatorial and Single 
Polar cloud patterns were also found to intensity nearly the 
same amount as Uniform and Double systems, on average. 
Although narrow, more vigorous outflow channels were 
expected to allow more rapid strengthening than if the same 
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amount of upper-level mass outflow were more uniformly 
spread out over a broader circle around the cyclone (Chen 
and Gray, 1985) , the SE and SP groups were found to have 
nearly identical average strength increases. Single Polar 
cloud patterns usually develop as mid-latitude troughs move 
eastward off the Asian coast and tropical cyclones come 
under the influence of strong upper-level southwesterlies 
associated with a meandering branch of the polar jet 
stream. As in the case of Double patterns, SP patterns 
develop at higher latitudes than most SE and U cyclones. 
Although a narrow and vigorous outflow channel into the 
westerlies is usually provided by a link to the jet core, 
other environmental factors such as increasing shear may 
inhibit the expected development, identical to the polar 
outflow from D cloud pattern systems described above. Tsui, 
Bell and Fung (1977) studied twenty-five cases of Pacific 
tropical cyclones which displayed northeastward orientated 
cirrus cloud plumes produced by mid-latitude trough 
interactions. During the twenty-four hour period subsequent 
to plume development, there was almost an equal chance of 
cyclone intensification or weakening, even though a vigorous 
outflow was present. The explanation provided by Tsui, et 
al., was that, in some cases, the westerly trough moved 
north of the typhoon center, forcing the divergent area 
aloft to migrate farther east and consequently diminish the 
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ascending motion over the convective region leading to a 
decreased probability of intensification. 

Single Equatorial cloud patterns were unique in that 
interpretation of the associated outflow pattern from 
satellite analyses often contradicted the independently 
analyzed 250 mb windfield. From satellite imagery, SE cloud 
patterns were expected to be aligned along the high level 
wind flow as was commonly observed with the other 
categories. Since these cloud patterns were orientated 
southwestward from the central regions, the upper wind field 
was assumed to contain an outflow within a northeast wind 
flow. Streamline analyses of these situations proved 
otherwise, revealing the cyclones to be embedded within an 
east wind field, with no evidence of significant outflow 
channels. As explained earlier, this difference is likely 
due to better correspondence of the cirrus streamers with 
the 150/200 mb level rather than at 250 mbs. 

In contrast to the four patterns described above, 
eastward extending cirrus plume systems did intensify at a 
relatively high rate. All Eastward cases were related to 
cyclonic cut-off circulations located within the TUTT or the 
TUTT alone. Streamline analyses performed at the 250 mb 
level clearly showed the establishment of strong, narrow 
bands of wind flowing eastward, south of the TUTT axis, from 
the central regions of typhoons. The cut-off cells provided 
a "sink” for the heat being released by increased convection 
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within the typhoon's inner circulations. Presence of small, 
intense cells also produce regions of large divergence to 
the southeast of their centers due to difluence and speed 
changes. Cut-off TUTT cells usually migrated slowly 
westward or southwestward within the trough and were 
frequently seen to rapidly enhance typhoon intensification 
when located approximately 1100 to 1665 km to the northeast 
of the systems center. When typhoon cloud patterns were 
connected to TUTT cells, satellite determination of the 
surrounding upper level wind flow proved to be nearly 
identical to the wind field derived from independent 
streamline analyses (see chapter six). Merrill (1988b) 
stated that although past emphasize has been along the lines 
of; the stronger the outflow jet, the greater the influence 
upon intensification, this may not be exactly true. The 
degree of intensification appears to be more related to the 
extent of radial elongation of the jet maximum. This 
conclusion has considerable merit and applicability to the 
current research topic. From satellite imagery of cirrus 
cloud plumes and streamline analyses of cyclone outflow, it 
is evident that both westerly troughs and TUTTs provide for 
considerable radial elongation. For a cyclone to interact 
with a westerly trough it must have moved north of the STR 
and therefore become exposed to increased shear due to the 
mid-latitude westerly wind zone, causing an abrupt end to 
its intensification trend. Conversely, interaction with a 
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TUTT does not appear to be detrimental to intensification as 
the associated horizontal shear is usually confined to a 
very narrow zone. The ability of the TUTT to provide a 
long, concentrated, and vigorous channel for evacuation of 
air from central regions of tropical cyclones, while at the 
same time keeping shear to a minimum, is believed to be the 
major reason for rapid intensification trends. 

Examination of twelve and twenty-four hour intensity 
changes according to the number of occurrences of different 
rates, further highlights the contrast between Eastward 
cloud patterns and the other categories. For the four 
categories of cloud patterns, SE, SP, U, and D, the majority 
of cases intensified with a rate of 10-25 knots/12 hours 
(table 5). Most Eastward patterns, meanwhile, fell into the 
20-35 knot categories. 

During twenty-four hour periods (table 6), SE, SP and U 
all strengthen most frequently with rates of 10-25 knots, 
with SP and U having secondary maxima of 30-35 knots. 

Double cloud pattern systems are most frequent within the 
20-25 knot category with another maxima at 40-45 knots. 
Eastward patterns again are unique with the 40-45 knot 
category most common. 

Extreme intensification rates were also observed as 
several cyclones increased to supertyphoon intensity (table 
6) . Two SE systems increasing by 70-75 knots within 24 
hours (Vera during November 1979 and Wynne in October of 
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1980). A 
September 
increases 
in August 


single case of 80-85 knot increase (Forrest, 

1983), along with three cases of 60-65 knot 
(Dot, October 1985, Kim during July 1980 and Abby 
1983) occurred during Eastward pattern cyclones. 


CHAPTER FIVE 


TYPHOON KEN (1982) CASE STUDY 

< 

5.1 Upper tropospheric and satellite analysis 

This chapter details the upper-tropospheric windfield 
surrounding typhoon Ken along with the related intensity and 
cloud pattern changes. Ken provides an interesting and 
unique case to examine due to numerous changes of its cloud 
pattern (from U to SE, D, and finally SP) and the unusual 
intensity trends associated with them. 

Tropical cyclone Ken formed in mid-September in the 
western portion of an elongated monsoon trough in the 
Philippine Sea (JTWC, 1982 ATCR) and exhibited a Uniform 
cloud pattern. Initial forward motion was west-northwest 
toward Taiwan, however on 20-September, a sharp turn to the 
north occurred (figure 19). Figure 20 shows the 250 mb 
environment surrounding the system, with both streamlines 
and isotachs analyzed for 16-Sept-82 (all charts are for 12 
Universal Coordinate Time (UTC). At this time the newly 
named system had msw's of 35 lets and was centered below a 
large region of omni-directional (uniform) outflow. The 
overall upper-air pattern was not overly complex, with only 
an isolated TUTT-cell located 330 km northeast of the 


35 



divergent center to provide a little uncertainty to the 
intensification forecast. Upper cells located at such a 
close proximity to regions of cyclone outflow were not seen 
to significantly affect intensification trends of any storms 
within the current data base. The STR was located generally 
east-to-west, north of the cyclone along 27 degrees North 
latitude. Near 40 degrees North, the mid-latitude jet 
stream was present with a narrow region of 80 kt winds at 
its core. 

Twenty-four hours later, Ken still exhibited a Uniform 
cloud pattern while having intensified at a rapid 24 hour 
rate, reaching msw's of 65 kts by 17-Sept-82. Streamline 
analyses reveal the continuation of the large omni¬ 
directional outflow aloft dominating a 1000 km radius around 
Ken (figure 21). The TUTT cell of 24 hours previous had 
weakened to a trough and moved rapidly northeastward away 
from the cyclone outflow. The large anticyclone center far 
east of Ken consolidated further south of its previous 
location causing the STR to bend southward, just east of the 
outflow region. 

During the next day (18-Sept-82), typhoon Ken continued 
to intensify rapidly to reach 100 kts, while the Uniform 
cloud pattern still prevailed. This is near the point of 
maximum intensity (figure 22), and the end of the Uniform 
cloud pattern. The upper-level chart now shows a very 
large, distinct anticyclonic signature (cyclonic within 
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about 100 km of the center) associated with the outflow 
(figure 23). The anticyclone which was present for the past 
two days northwest of Ken moved southward by this time, 
while the center to the east remained nearly stationary. 

The STR associated with these anticyclones was aligned east- 

I 

west along 20 degrees North, nearly across the outflow 
region. 

During the past 72 hours, Ken underwent rapid 
intensification, obtaining msw's of 100 kts while displaying 
a Uniform cloud pattern (figure 24). This contradicts the 
idea that "distinct, multichannel outflow" (Chen and Gray, 
1985) is needed for significant intensification to occur. 
Both satellite imagery and upper-level analyses confirm that 
"distinct channels" were not present during any part of the 
strengthening phase. The development was due to the 
establishment and continuation of a large radius of 
unrestricted, omni-directional, uniform outflow persisting 
over a significant period of time. This upper-level 
scenario was seen to often coincide with periods of enhanced 
intensification, without the presence of distinct and/or 
multichannel outflow. 

By 19-Sept-82 (figure 25) several important changes were 
taking place aloft. While the STR remained aligned nearly 
across the center, the large anticyclone located far east of 
Ken split into two distinct centers, with the closest one 
located only about 500 km east of the outflow center. This 
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tended to restrict outflow on the eastern side of Ken and 
arrest its strengthening (insw's remained at 100 kts) . 
Secondly, a cusp, or developing cyclonic circulation within 
the easterlies was located slightly southeast of Ken, 
between the outflow center and the anticyclone. This 
windfield perturbation caused a region of northeasterlies to 
develop south of the outflow center, rather than the zonal 
easterly flow of the previous several days. This flow 
change caused transformation to occur from Uniform to a 
Single Equatorial cloud pattern. 

The following day, 20-Sept-90, typhoon Ken remains at 
nearly constant strength, 105 kts, and continues to display 
a SE cloud pattern, although not as pronounced as the 
previous day (figure 26) . The cusp weakened to only a 
slight ripple in the easterlies, and a weak trough developed 
and was orientated north-to-south through the outflow 
center. The STR became re-established south of Ken, placing 
the typhoon within the westerlies. This coincided with a 
dramatic change of the character of Ken's circulation (ATCR, 
1982) as aircraft reconnaissance found the center expanding, 
with the strongest wind bands moving away from the center. 

As explained in the JTWC summary, such drastic changes may 
have been the result of interaction with the mid-latitude 
westerlies advecting cooler air into Ken's center. 

The small amplitude, mid-latitude trough north of Ken 
strengthened further by 21-Sept-82 (figure 27). Coupled 
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with the quasi-stationary, weak trough within the easterlies 
south of the outflow center (and associated northeasterly 
flow), the SE cloud pattern transformed into a Double 
pattern (figure 24) . Also, during the last 24 hours the 
double-centered anticyclone re-consolidated into a single 
center east of Ken and the associated STR became re¬ 
positioned north of the cyclone once again. Although the 
tropical cyclone was no longer totally within the 
westerlies, it continued to gradually weaken, with msw's of 
85 kts observed at 12 UTC. 

On 22-Sept-82 (figure 28), a large amplitude trough 
developed along 120 degrees East, moving the STR southward. 
Once again, typhoon Ken was within the westerlies and 
transformation from a Double cloud pattern to the Single 
Polar type was nearing. Although wind shear began to 
increase as the cyclone approached a region of 40 kt 
westerlies, weakening was slow to occur with the typhoon 
still possessing 75 kt msw's. 

The upper-level charts of 23 (figure 29) and 24-Sept-82 
(figure 30), were quite similar in the mid-latitude regions. 
The shortwave trough which was previously located just 
northwest of Ken continued to deepen and move slowly 
eastward, while Ken began to move at an increased 
northeastward rate of speed toward Japan. The STR remained 
in place south of the typhoon. Cloud pattern transformation 
to SP was completed by 12 UTC, 23-Sept-82 and Ken retained 
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msw's of 70 kts until landfall. Although typhoon Ken 
remained north of the STR, within the westerlies for nearly 
60 hours prior to landfall, it's msw's decreased from 85 to 
only 70 kts. This slow weakening within a region of strong 
shear (above 40 kts for more than 30 hours prior to 
landfall) was likely due to the counter-balance produced by 
increased outflow into the westerlies. With the presence of 
a deep trough to the west and northwest of the outflow 
center, air was able to accelerate outward from the center 
far to the northeast. Note the increase of isotachs from 40 
kts to over 120 kts along the streamlines emanating outward 
from Ken's center in figures 29 and 30. This likely helped 
to compensate for the increasing shear encountered above the 
center of Ken enabling the near steady-state intensity 
conditions to persist, although the system as a whole became 
disorganized. 


5.2 Summary and forecast applications of typhoon Ken 

Tropical cyclone Ken strengthened from 45 to 110 knots 
over a 48 hour period, while displaying a Uniform cloud 
pattern. Upper level streamline and isotach analyses during 
this period reveal the rapid development and persistence of 
an omni-directional outflow from Ken's center. The large 
area of divergent flow aloft likely acted to enhance upward 


40 


vertical motion and low-level inflow to the system 
(Elsberry, et al., 1987) causing the phase of rapid 
intensification. Of particular interest, is the lack of a 
distinct "channel” of outflow or "jet-like" wind band 
emanating outward from the center. It is generally accepted 
that the establishment of one or more upper tropospheric 
outflow jets are a critical factor in tropical cyclone 
development (Sadler, 1979, Chen and Gray, 1985, Elsberry, et 
al., 1987). However, nearly half of the systems undergoing 
intensification within this study did not possess distinct 
channel or jet-like outflow features (figure 5; SE and U 
cloud patterns). Of the explosively developing cyclones, 

25% were not associated with outflow channels or jets 
(figure 6B). 

The majority of rapid developing, non-channel/jet 
cyclones exhibited upper level patterns similar to that 
provided in the Ken case study. Persistent, omni¬ 
directional outflow (U cloud pattern) without restrictions 
(lack of blocking features) appears to be as efficient a 
intensification mechanism as SP or D patterns (figures 17 
and 18) . 

Once distinct channel outflow became established in Ken 
by 21-September, gradual weakening began. Transformation to 
a Single Polar pattern was complete by 23-September, along 
with an increased rate of weakening. As Ken's center neared 
the STR, outflow to the northeast as well as southwest was 
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established (D cloud pattern ), along with an increase in 
wind shear. During the following several days, Ken moved 
further poleward, north of the STR, and shear continued to 
increase. Although the D and SP outflow acted to remove 
mass away from above the cyclone, shear apparently 
counteracted this process to produce the resultant 
weakening. 

In most circumstances, the development of a D or SP 
pattern occurs at a relatively high latitude (on, or north 
of the SER or STR), and therefore is also associated with 
increasing shear. For this reason, the establishment of 
distinct outflow regions often do not coincide with rapid 
development. In contrast, low latitude cyclones without 
distinct outflow channels (U or SE cloud patterns) do 
frequently intensify at rapid rates due to unrestricted, 
dominant upper level divergence. 

Forecasting rapid development in association with 
Uniform cloud patterns is very difficult beyond 24 hours. 
This is due to the fact that, given the lack of flow 
restriction (blocking systems), some cyclones are apparently 
able to generate large-scale, omni-directional outflow, 
while other systems retain small and constricted 
characteristics. The subtle difference between the two 
cyclone types could not be detected in the available data. 
One-day intensity forecasts are possible however, once the 
initial pattern is set-up and short term restrictions to the 
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flow are not expected. This scenario is frequently able to 
provide the forecaster with 6-12 hours of advanced guidance, 
and the likelihood of accelerated intensification (above the 
standard Dvorak scheme of one T-number per day) should be 
considered. 
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CHAPTER SIX 


SUPERTYPHOON ABBY CASE STUDY 

6.1 Upper tropospheric and satellite analysis 

An in-depth upper-tropospheric analysis of supertyphoon 
Abby provides an excellent example of a TUTT/tropical 
cyclone interaction. This case study highlights the pre- 
established TUTT/tropical cyclone explosive intensification 
link. During the twelve day period of Abby's existence, 
three distinct TUTT cells traversed an area well east of the 
typhoon (figure 31). Two of these cells, along with a sharp 
TUTT/shear line, had a direct and significant impact upon 
the rate of system intensification. Within only 72 hours of 
being upgraded to tropical storm, Abby reached its maximum 
intensity (msw) of 145 knots (figure 32). Subsequent 
weakening was slow and occasionally erratic. 

Abby, named at 18 UTC on 05-Aug-83, initially 
intensified at a slightly accelerated rate to reach msw's of 
55 kts by 12 UTC, 06-Aug-83, while displaying a Uniform 
cloud pattern. A pronounced divergent area was present 
above Abby (figure 33), with the SER stretching generally 
east-west, south of the outflow center along 10 degrees 
North latitude. The STR lay along 40 degrees North and the 
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TUTT was present near 20 degrees North between the ridge 
axes. Two cells were present within the TUTT, the one 
north-northwest of the cyclone did not interact with the 
system, as usually was the case with cells situated within 
the western (semicircle) periphery of upper circulation 
centers. The eastern cell, designated TUTT-cell 1 (figure 
31), moves rapidly west-northwest and eventually interacts 
with Abby. Note the region of strong (greater than 40 kts) 
westerly winds between the TUTT axis and SER, east of 150 
degrees East longitude. 

Within 24 hours, several subtle, but important changes 
began to occur. By 07-Aug-83, the anticyclone center, 
previously near 8N, 152E, moved west-northwestward to 12N, 
142E (figure 34). A region of westerlies between the 
anticyclone and the TUTT to the north began to accelerate 
(evidenced by the 40 kt isotach), increasing the divergent 
outflow from Abby. Due to the enhancement of outflow, the 
typhoon began to intensify at a rapid rate (35 kts/24 
hours), reaching 90 kts msw's by 12 UTC. Also, transition 
from a Uniform cloud pattern to an Eastward pattern had 
taken place 12 hours earlier. Erickson and Winston (1972) 
found that major cloud bands extending from North Pacific 
tropical storms into middle latitudes tended to be 
associated with upper tropospheric warming in and 
immediately to the south of the bands. Consistent with 
these tendencies, the zonal westerlies at 300 mb increased 
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during and immediately after cloud band formation. 
Application of this idea to the current situation may help 
to explain the in-situ acceleration of westerlies associated 
with the outflow region. Sparse thermodynamic data within 
the region of interest however, prohibits a definitive 
answer. 

During the following day explosive intensification 
occurred as outflow continued to accelerate and cirrus 
streamers were observed beginning to propagate far outward 
and rotate around TUTT-cell 1 situated nearly 2,900 km to 
the east-northeast. On 08-Aug-83 (figure 35), Abby was 
upgraded to supertyphoon status, with msw's of 140 kts and 
continuation of the Eastward (and also Equatorial) cloud 
pattern (figure 36). The 40 kt isotach region expanded 
further eastward, while TUTT-cell 1 began to accelerate 
westward. The anticyclone center previously located east of 
the typhoon was replaced by a ridge created by the 
increasingly strong and dominant cyclone outflow. The 
northeasterly flow (apparently self-induced by the cyclone 
circulation itself) located south of Abby allowed for an 
Equatorial cloud pattern to develop in addition to the flow 
to the east associated with the TUTT. The circulation aloft 
due to Abby by this time was enormous, covering nearly the 
entire tropical West Pacific. 

Within hours of Abby obtaining a maximum intensity of 
145 kts, the ridge previously located just east of the 
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outflow center collapsed and was replaced by a neutral point 
in the wind field along with a newly developed anticyclone 
center to the northeast. This scenario brought about a 
temporary end to the eastward directed airflow by ••blocking” 
the outflow, resulting in a weakening trend to 125 kts while 
transforming to a Single Equatorial cloud pattern. The TUTT 
axis remained anchored near 25 degrees North, while TUTT- 
cell 1 continued on a rapid west-northwest track (figure 
37). Also, the western end of the 40 kt wind area 
dissipated, but remained in place east of 155 degrees East. 

During lO-Aug-83, the anticyclone northeast of the 
outflow center dropped southeastward to a position well east 
of Abby allowing for enhancement of the northeasterly flow 
south of the center (figure 38) and continuation of the 
immense SE cloud pattern (figure 36). Abby continued to 
weaken, but at a reduced rate, reaching 110 kts by 18 UTC. 
Although a new region of 40 kt winds developed south of the 
TUTT axis along 25 degrees north, a re-establishment of the 
eastward outflow had not occurred as of yet. TUTT-cell 1 
was now located 1,900 km northeast of the typhoon, as a 
secondary cell (TUTT-cell 2) developed along the shear line 
near 170 degrees East longitude. 

By 12 UTC on 11-Aug-83 (figure 39), Abby had evolved 
back to a combined Eastward/Equatorial cloud pattern and 
msw^s increased by 15 kts to the 125 kt level. The 
anticyclone east of Abby became dominant again with a 40 kt 
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isotach channel rotating around it from north of Abby's 
outflow, clockwise to a position well south of the 
anticyclone center. TUTT-cell 1 moved to a location 1,400 
km northeast of Abby, with satellite imagery indicating 
cirrus cloud streaks flowing around the cell in addition to 
paralleling the 40 kt isotach around the anticyclone. TUTT- 
cell 2 remained nearly stationary while another cell (TUTT- 
cell 3) formed near 17N, 170E. 

The interaction of Abby's outflow with TUTT-cell 1 to 
the northeast created an area of intense upper-level 
divergence under which tropical storm Ben formed (ATCR, 

1983) on 12-Aug-83. The large area of convergence 
associated with Ben acted to destabilize TUTT-cell 1 and 
cause its dissipation. With Abby's circulation once again 
dominant (similar to conditions on 08-Aug-83), a ridge 
associated with the outflow developed, leading to temporary 
dissipation of the independent anticyclone center previously 
located east of Abby. The large circulation region 
associated with the outflow is apparent in figure 40. The 
TUTT, located east-west along 30 degrees North latitude for 
the past six days dissipated, although a complex north-south 
orientated TUTT can be observed along 165 degrees East 
longitude. TUTT-cell 2 became an open trough, while TUTT- 
cell 3 drifted southwestward. Tropical cyclone Abby 
maintained steady—state conditions with msw's of 125 kts, 
however since losing the outflow to the TtJTT (and cell l) 
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the eastward extending cirrus plume slowly began to 
dissipate again. 

Abby began to weaken slightly due to the loss of 
eastward outflow after total dissipation of the cirrus plume 
was complete, with msw's of 110 kts observed at 12 UTC, 13- 
Aug-83. Redevelopment of an independent anticyclone center 
had taken place southeast of Abby's outflow center (figure 
41) . Outflow from Abby was still able to rotate around the 
eastern edge of the anticyclone prolonging the SE cloud 
pattern. The TUTT remained complex and elongated north-to- 
south along 165 degrees East. A region of 40 kt winds 
extended east-west along 10 degrees North while another area 
began to accelerate southward (from 30 North) along the 
western side of the TUTT axis. 

Streamline analysis of 14-Aug-83 conditions (figure 42) 
indicated Abby present within a complex westerly flow, 
however cut-off from outflow to the south and southwest. 
Satellite imagery confirmed this isolation as transformation 
to a short-lived Uniform cloud pattern occurred. TUTT-cell 
3 reformed into a distinct cut-off and drifted southwestward 
while an expanding area of 40 kt winds continued to plunge 
southward to the west of the TUTT axis. 

Due to an expanding anticyclonic ridge southeast of 
Abby, along with a large region of strong northerly winds 
between the ridge and the north-south orientated TUTT to the 
east, substantial outflow from Abby again became 
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established. Satellite images indicated a large arc of 
cirrus clouds extending around the anticyclone and 
penetrating southward (SE cloud pattern) parallel to the 40 
kt isotach region of figure 43. Although TXJTT-cell 2 was 
near 24N, 162E, any direct effect upon cyclone strength 
change, if any, appeared to be minimal. Also, a developing 
mid-latitude trough was present north-northeast of Abby. 

The msw's associated with Abby at this time were 85 kts and 
continuing to decrease slowly. 

During the next 48 hours, Abby remained nearly steady- 
state with winds near 70 kt as landfall in Japan approached. 
Movement of a weak shortwave trough north of Abby (figures 
44 and 45) acted to direct the cloud pattern northeastward 
prior to southwest (SE pattern) curvature, however the 
trough did not become deep enough for transformation to an 
SP or D pattern. Outflow to the south and southwest 
continued from the combination of accelerated northerlies 
between the large anticyclone and the TUTT system. 


6.2 Summary and forecast applications of Supertyphoon Abby 

During a 24 hour period (06 UTC, 07—Aug—83—06 UTC— 
08-Aug-83) tropical storm Abby underwent explosive deepening 
as msw's increased 60 kts, to 135 kts. This period 
coincided with transition from a Uniform cloud pattern to an 
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Eastward pattern. Streamline and isotach analyses indicate 
outflow from Abby connecting with a vigorous westerly flow 
south of a sharp TUTT axis during this time period. 
Strengthening of an anticyclone adjacent (east) to the 
outflow source and westward movement of an upper cell along 
the TUTT axis combined to created this narrow, but very long 
channel of strong and divergent westerly flow. This 
mechanism (TUTT transport) of removing mass far distances 
from the outflow source of tropical cyclones appears to be 
the most efficient method leading to explosive 
intensification. Concentration of flow into a narrow (on 
the order of 100-300 km wide) channel is preferred, however 
sufficient (2,000 km or more) zonal elongation becomes an 
apparent necessity for such a development phase. 

In order to forecast periods of rapid deepening more 
than 24 hours in advance, accurate prognostication of 
tropical cyclone tracks and upper level TUTT/cells must be 
accomplished. Long range prediction of the necessary 
conditions (proper TUTT/cyclone orientation and proximity) 
can provide the forecaster with advanced guidance concerning 
the possibility for rapid intensification. For shorter time 
scale intensity forecasts, satellite imagery can be analyzed 
for initial signs of typhoon/TUTT cell interaction. 

Whenever a TUTT cell is present within a region north 
through northeast of a tropical cyclone, the potential for 
interaction is real and must be considered. Initial 
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indications of such an interaction beginning are 
acceleration of westerly flow south of the TUTT axis, along 
with an eastward expansion of the cyclones outflow region, 
and/or thin cirrus streamers beginning to emanate far 
eastward or rotation around an upper cell. Fulfillment of 
any of these conditions significantly increases the 
probability of explosive intensification and makes the 
chance of rapid deepening likely. Once initial signs occur, 
the forecaster can usually provide 12-24 hours of lead time 
for the potential of a rapid/explosive intensification 
period. 
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CHAPTER SEVEN 


SUMKARY AND CONCLUSIONS 

I 

Analysis of several years of upper-air data and 
satellite images were conducted to determine possible 
precursors to accelerated tropical cyclone intensification. 
Stratification of each cyclone by cloud pattern type 
(composite process) revealed eastward orientated cloud 
patterns coinciding with the most rapid intensification 
rates. Application of a two-sample t-test (with 95 percent 
confidence) to this data proved the Eastward cloud pattern 
group to be statistically related to an increased rate of 
intensification, while all other cloud pattern/intensity 
relationships were not statistically significant. However, 
a storm by storm breakdown of the data exhibits enhanced 
development concurrent with other cloud pattern types. On 
occasion. Uniform cloud patterns were able to intensify at a 
rapid rate if the surrounding upper-level flow enabled 
unrestricted outflow conditions. Individual cases of Single 
Polar cloud patterns also were observed to coincide with 
rapid development, although the composite data indicated 
otherwise. Since SP cloud patterns usually resulted from 
interaction with mid-latitude troughs, increased outflow and 
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westerly shear appear to act against one another to limit 
intensification and produce un-impressive composite results. 

Since eastward emanating cirrus plumes were always 
observed to be related to increased intensification rates, 
this group was further researched. Upper-tropospheric data 
indicated that cirrus cloud patterns corresponded with 
strong, narrow bands of westerly flow, located south of a 
TUTT axis. The radial elongation of outflow to distances 
far from tropical cyclone centers were found to be closely 
related to periods of explosive development. The presence 
of a strong TUTT and/or cell within the TUTT to the north 
through northeast of a cyclone center appears to be the most 
efficient environmental mechanism for this outflow 
transport. Short range forecasts for potential periods of 
explosive development phases can be possible by anticipating 
outflow/TUTT interactions. Initial indication of this 
interaction is provided by cirrus streamers beginning to 
emanate far to the east away from the cyclone into the 
westerly flow of a TUTT. This scenario usually provides the 
forecaster with 12-24 hours of advance warning of an 
explosive event. Continued and stronger interaction is 
indicated by enhancement (longer and more dense) of the 
cirrus shield. Once peak intensity is reached, the system 
is usually able to sustain near steady—state conditions 
until 6—12 hours after the cirrus link to the TUTT 
dissipates. 
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Temporal distributions of the five cloud patterns reveal 
a strong link to the season due to the changing large-scale 
weather patterns. 

Spatial distributions of the individual patterns also 
were observed to vary greatly due to the proximity to large- 
scale systems. In general, systems possessing Equatorial 
and Uniform cloud patterns occurred at a lower mean latitude 
than cyclones with poleward orientated cloud bands. This 
is due to the necessity for shortwave troughs (in a position 
northwest through north of the cyclone center) to interact 
with the outflow and provide it a southwesterly flow into 
the westerly jet. Double cloud pattern systems usually 
occurred between the mean Single Equatorial and Polar cloud 
pattern regions, while cyclones with eastward cirrus plumes 
were most prevalent in a compact region to the northwest of 
Guam. This same region corresponds closely with the area 
where supertyphoons are observed to reach maximum intensity. 
The frequent establishment of east to west orientated TUTT 
systems to the north and northeast of this region allows 
tropical cyclones to occasionally link-up with this flow and 
intensify rapidly to reach supertyphoon strength. 

Case studies of the upper-atmospheric changes associated 
with two rapidly developing, but drastically different 
systems were shown. Development of a Uniform cloud pattern 
system was accomplished due to the surrounding environments 
provision of unrestricted outflow. This allowed the system 
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to deepen rapidly as air diverged greatly in all directions. 
The second case involved explosive typhoon strengthening 
associated with TUTT interaction. The relationship between 
the establishment/break-up of the link and explosive 
development/weakening, along with the concurrent changes of 
the cloud pattern were shown. Similar patterns were seen to 
occur with most TUTT/cyclone interactions. 

This paper provided evidence of the close relationship 
between TUTT/cyclone interaction and explosive 
intensification however, further research on the topic is 
needed. While an attempt was made to detail the necessary 
environmental/synoptic patterns for accelerated development, 
a better understanding of the physical and thermodynamic 
processes involved with the ”TUTT transport” mechanism 
needs to be addressed, and will hopefully be investigated in 
the near future. 
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Table 1 


Results of a two-sample t-test performed on the 
mean increase of msw's associated with 
different cloud pattern types. Composites are 
from average 12 hour rates. 
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Table 2. 


Same as Table 1 except for averages of 12 hour 
maximum intensity increases. 
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Table 3. Same as Table 1 except for averages of 24 hour 

rates 
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Table 4. 


Same as Table 1 except for averages of 24 hour 
maximum intensity increases. 
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Table 5 


Number of wind speed Increases (per 12 hours) 
by category according to cloud pattern type. 
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Table 6. Number of wind speed increases (per 24 hours) 

by category according to cloud pattern type. 
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Figure 1. Schematic of storm outflow interaction (dashed 
lines) with the larger scale upper tropospheric 
circulation (solid lines). STR is the subtropical 
ridge; SER, the sub-equatorial ridge; TUTT, the 
tropical upper tropospheric trough (after Sadler, 
1976). 
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Figure 2. Examples of preliminary T-number patterns and 
associated wind/pressure relationships (after 
Dvorak, 1975). 
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Figure 3. Variety of outflow patterns associated with 

tropical cyclone intensification for Northern 
Hemisphere cases (after Chen and Gray, 1985). 
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Figure 4. Examples of the five types of unique tropical 
cyclone cloud patterns. 
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Figure 5. Relative occurrence of cloud pattern types. 
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Figure 6A. 
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Relative occurrence of cloud pattern types 
exhibited during rapid intensification periods. 
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Figure 6B. Relative occurrence of cloud pattern types 
exhibited during explosive intensification 
periods. 
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Figure 7. Relative occurrence of cloud pattern types 

according to the ultimately obtained cyclone 
intensity. 
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Figure 8. Monthly average of Northwest Pacific tropical 
cyclones. 
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Figure 9. Cloud pattern frequencies by season. 
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Figure lOA. Climatological positions of the West Pacific 
monsoon trough. 
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Figure IOC. Climatological positions of the West Pacific 
tropical upper tropospheric trough. 
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Figure 11. 


Reaion of analysis, with the nu^er of tropical 
cyllJJi^s passing through each five degree 

latitude-longitude grid. 
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Figure 12A. Single Equatorial cloud pattern regionality; 
for intensifying systems. 



72 



















Figure 13A. Single Polar cloud pattern regionality; 
for intensifying systems. 
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Figure 14A. Uniform cloud pattern regionality; 
for intensifying systems. 
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Figure 14B. Uniform iloud pattern regionality; 
for weakening systems. 
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for weakening systems. 
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Figure 17A. 
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Average wind increases associated with individual 
cloud pattern types (per 12 hours) . 
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Pig\ij ^0 1^7B. Average wind increases associated with individual 
cloud pattern types (pBr 24 hours). 
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Figure 18A. 
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Average maximum wind increases associated with 
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Figure 18B. Average maximum wind increases associated with 
individual cloud patterns (per 24 hours). 
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Figure 19. Best track of typhoon Ken (after JTWC ATCR, 1982). 
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Figure 20. 16-Sept-82 (12 UTC) streamline analysis (solid 

lines). Isotachs (dashed lines) are contoured at 
40 knot intervals. Cyclonic (C), Anticyclonic 
(A) , and Divergent (D) centers are also indicated. 
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Figure 21. Same as Figure 20 except for l7-Sept-82 (12 UTC) 
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Figure 22. Typhoon Ken's intensity trend. Cloud pattern 
chronology is indicated below the date. 
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Figure 23. Same as Figure 20 except for 18-Sept-82 (12 UTC). 
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Figuj ^0 24, chronology of typhoon Ksn’s cloud pattern changes. 
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Figure 25. Same as Figure 20 except for 19-Sept-82 (12 UTC). 
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Figure 26. Same as Figure 20 except for 20-Sept-82 (12 UTC). 
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Figure 27. Same as Figure 20 except for 21-Sept-82 (12 UTC). 
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Figure 28. Same as Figure 20 except for 22-Sept-82 (12 UTC) 
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Figure 29. Same as Figure 20 except for 23-Sept-82 (12 UTC) . 
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Figure 30. Same as Figure 20 except for 24-Sept-82 (12 UTC). 
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Figure 31. 


supertyphoon Abby's best track (after JWC ATCR, 
1982). Movement of the upper cells are indicated 
by dashed lines with coinciding dates listed along 

side. 
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Figure 32. 


Supertyphoon Abby's intensity trend. Cloud 
pattern chronology is indicated below the date. 
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Figure 33. 
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Figure 34. 


Same as Figure 33 except for 07-Aug-83 (12 UTC). 
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Figure 35. 


Same as Figure 33 except for 08-Aug-83 (12 UTC). 
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Figure 36. chronology of eupertyphoon Abby's oloud pattern 
changes. 
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Figure 37 


Same as Figure 33 except for 09-Aug-83 (12 UTC) 
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Figure 38. 


same as Figure 33 except for lO-Aug-83 (12 UTC). 
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Figure 39. 


Same as Figure 33 except for ll-Aug-83 (12 UTC). 
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Same as Figure 33 except for 12-Aug-83 (12 UTC). 


Figure 40. 








Figure 41. 


Same as Figure 33 except for 13-Aug-83 (12 UTC). 
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Figure 42. Same as Figure 33 except for 14-Aug-83 (12 UTC) 
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Same as Figure 33 except for 15-Aug-83 (12 UTC). 
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Figure 44. Same as Figure 33 except for 16-Aug-83 (12 UTC) 
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Figure 45. 


Same as Figure 33 except for 17-Aug-83 (12 UTC). 
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